Clostridium thermocellum is one of the most efficient microorganisms with respect to crystalline cellulose degradation. This property is conferred on the bacteria by a high-molecularmass complex (2 x 106 to 4 x 106 Da) termed the cellulosome (12, 13) .
This complex, which is very difficult to dissociate into its individual components, contains at least 14 different polypeptides, as visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Most of the components exhibited endoglucanase activity when tested by a carboxymethyl cellulose gel overlay method (3, 12) . In addition, a 250-kDa glycoprotein termed CipA was shown to bind to cellulose (14, 17) and to act as a scaffolding protein of the cellulosome. Catalytic subunits of the cellulosome contain a conserved duplicated segment which serves as a docking sequence. This docking sequence interacts with a complementary receptor whose sequence is reiterated ninefold within the sequence of CipA (6, 8, 21) . CipA also possesses a cellulosebinding domain (16) and a COOH-terminal duplicated segment similar to that present in the catalytic subunits (6, 8) .
Downstream of cipA, another gene carrying an open reading frame termed ORF3 encodes a protein, ORF3p, which can also bind to the duplicated segment of the catalytic subunits (6) . The sequence of ORF3p comprises an N-terminal domain of 140 amino acids which is similar to the nine receptors for the duplicated segment carried by CipA. The COOH terminus of ORF3p is composed of three repeats of about 65 amino acids t Deceased. each; these show similarity to the surface layer proteins of several bacteria (7) .
On the basis of these features, it was proposed that ORF3p could serve to anchor the cellulosome to the cell surface. The receptor domain of ORF3p was surmised to bind to the duplicated segment of CipA, while surface layer-like determinants would hold ORF3p on the cell surface. Both the duplicated segment of CipA and the receptor domain of ORF3p are the most divergent forms of either type of domain. It was suggested that these divergences could be the basis of a specific interaction between the duplicated segment of CipA and the receptor domain of ORF3p (7) .
In this study, we tested whether the receptor domain of ORF3p was able to interact with the duplicated segment of CipA, rather than with the duplicated segment of the catalytic subunits. Chimeric proteins were constructed by grafting either the duplicated segment of endoglucanase CelD or that of CipA onto the C terminus of endoglucanase CelC, which does not possess any duplicated segment of its own. The proteins thus obtained were termed CelC-DSCelD and CelC-DSCipA, respectively. Similarly, the receptor domain of ORF3p and a representative receptor domain of CipA were each fused to the Escherichia coli maltose-binding protein MalE to yield MalERDORF3p and MalE-RDCipA, respectively. The interaction between each receptor domain and duplicated segment was investigated (Fig. 1) . In addition, CelC-DSCipA was labeled with 125I and used as a probe to detect C. thermocellum proteins interacting with the duplicated segment of CipA.
MATERIALS AND METHODS Bacterial strains, plasmids, and culture conditions. Bacterial strains and plasmids that were used in this study are listed in Table 1 (2) .
The modified or amplified sequences were confirmed by double-stranded DNA sequencing with a Sequenase kit (U.S. Biochemicals).
Construction of pCT1701. An SphI site and a termination codon were inserted into the pMal-cRI vector by cloning of an appropriate oligonucleotide duplex (Fig. 2) (Fig. 3) . The forward primer was 5'-CAG GCT CCA ACT CGA GTG TGG GTA GGA-3', and the reverse primer was 5'-CCC CCT TCA AAA GCT TAT GTA TAG CAC-3'. The fragment was inserted between the XhoI and HindIII sites of pCT329 to yield pCT331. The DraI-SmaI and SmaI-Hindlll fragments of the celC-DScipA gene of pCT331 were cloned between the SmaI and HindIlI sites of pUC18, yielding pCT332 (Fig. 3) . Hence, in this plasmid, the fifth codon of celC is fused in frame with the lacZ' gene.
Protein purification. Unless otherwise stated, all operations were performed at 4°C. Protein concentrations were measured performed with 10 mM maltose in buffer 1. The pool of MalE-RDORF3p (14 mg/500 ml of culture) was concentrated by ammonium sulfate precipitation (80% saturation) and dialyzed against 50 mM Tris-HCl (pH 7.5).
MalE-RDCipA, produced from E. coli TG1 carrying pCT1450, was purified according to the same protocol, except that, after the concentration step, the preparation was chromatographed twice on an Ultrogel AcA 44 gel filtration column (LKB) equilibrated with 50 mM Tris-HCl (pH 7.5).
The protein was concentrated and dialyzed as described above. A 1-liter culture yielded 3.8 mg of MalE-RDCipA.
CelC-DSCelD was purified from inclusion bodies produced in E. coli TG1(pCT330) as described by Tokatlidis et al. (19) .
CelC-DSCipA produced from E. coli TG1(pCT332) also formed inclusion bodies and was purified as described previously for 68-kDa CelD (19) . The MalE-RDORF3p (7 x 10-9 to 3.5 x 10-7 M), until equilibrium was reached (16 h of incubation at 37°C on a rocking platform). In the second step, the tracer protein not bound to the receptor protein in solution was monitored by incubation of the mixtures with 0.19-cm2 nitrocellulose disks coated with 2.5 ,ug of MalE-RDCipA. Incubation lasted for 6 h at 37°C on a rocking platform. Nitrocellulose disks were washed five times in PBSL and three times in PBS, and radioactivity was counted in a gamma counter. Specifically bound radioactivity was computed after substraction of background binding to disks that were not coated with the receptor protein. Under these conditions, about 15% of the total bindable tracer was bound to the disks, and the amount of tracer bound was proportional to the amount of tracer added. The value of the affinity constant for the tracer and the receptor protein originally added in solution was derived from a Klotz plot of the results (5). This calculation relies on the assumption that the stoichiometry of the complex is 1:1.
SDS-PAGE and blotting techniques. Proteins were separated by SDS-PAGE (11) . Electrophoretic transfer of separated proteins to nitrocellulose was performed as described previously (2) or with a Bio-Rad semidry blotting cell according to the manufacturer's directions. 1251 labeling of proteins and probing of blots with 1251I-labeled proteins were performed as described previously (21) .
Fractionation of C. thermoceflum cells. The fractionation procedure is schematized in Figure 4 . Cellobiose-grown C. thermocellum cells were collected by centrifugation during the exponential phase of growth (OD6. grown cultures were inoculated with a 1/50 volume of an exponentially growing starter culture (OD6. = 2) in cellobiose medium. Cells were harvested after 20 h while still bound to cellulose by centrifugation of the culture (step 1). Proteins from culture supernatants were concentrated by the slow addition of 2 volumes of cold acetone. The precipitates were solubilized in 50 mM Tris-HCl (pH 7.5) (buffer 2) and dialyzed overnight against 1 liter of the same buffer. The volume of the dialyzed culture supernatant fractions was then adjusted to 1/10 of the original culture volume with buffer 2 (step 2). Pellets resulting from step 1 were washed with 0.154 M NaCl, suspended in buffer 2 (to 1/10 or 1/5 of the original culture volume for cellobiose-grown cells or cellulose-grown cells, respectively), and disrupted by sonication. The suspensions were centrifuged twice for 5 min each time at 3,000 x g (step 3). The pellet was discarded in the case of cellobiose-grown cells, whereas in the case of cellulose-grown cells it was washed with 1 M NaCl and suspended in buffer 2 to 1/10 of the original culture volume (step 6); it constituted the sonicated cellulosebound fraction. The supernatant resulting from step 3 was centrifuged for 20 min at 40,000 x g (step 4). The 40,000 x g supernatant constituted the supernatant of sonicated cells (sonication supernatant in Fig. 4) . The pellet was washed with 1 M NaCl and resuspended in buffer 1 to 1/100 of the original culture volume (step 5). The suspension constituted the cell envelope fraction.
RESULTS
Engineering and purification of chimeric proteins. Figure 2 shows the structures of the plasmids expressing the receptor domains of ORF3p and CipA. Both domains were fused to the COOH terminus of the MalE protein to facilitate purification. The CipA receptor corresponded to the seventh internally repeated element of CipA (8) . The ORF3p receptor was preceded by 7 amino acids belonging to the putative signal peptide. Both receptors were flanked on the COOH-terminal side by G/P/T/S-rich linker segments present in the original proteins. MalE-RDORF3p and MalE-RDCipA were purified as 68-and 64-kDa species, respectively (Fig. 5) .
C. thermocellum endoglucanase CelC was chosen as a support protein for constructs carrying the duplicated segments of CelD and CipA (Fig. 3) . In both constructs, the third codon preceding the first codon of the duplicated segment was fused to the XhoI site created by mutagenizing the stop codon of ceMC. Both proteins could be isolated as intact forms from inclusion bodies, which provided protection against E. coli proteases (19, 20) . The molecular mass of CelC-DSCipA was 49 kDa (Fig. 5) . The same value was found previously for CelC-DSCelD (19) . The specific activities of CelC-DSCelD and CelC-DSCipA forp-NPC were 30 U/mg (19) and 14 U/mg, respectively; that of unmodified CelC was 33 U/mg (19) .
Affinity measurements. Figure 6 shows Klotz plots of the data obtained for the binding of '25I-labeled CelC-DSCelD to MalE-RDCipA and MalE-RDORF3p. The association constants, derived from the slopes of the plots, were 6.9 x 106 M--for CelC-DSCelD-MalE-RDORF3p and 4.7 x 107 M-I for CelC-DSCelD-MalE-RDCipA.
Under the conditions described in Material and Methods and with the use of concentrations of tracer of between 5 x 10-9 and 1 x 10-7 M, the binding of "25I-labeled CelCDSCipA to nitrocellulose disks coated with either MalERDCipA or MalE-RDORF3p was not significantly higher than the binding to control, uncoated disks. Therefore, no data could be obtained for the association constant for CelCDSCipA and either MalE-RDCipA or MalE-RDORF3p.
The absence of a strong interaction between the duplicated segment of CipA and either MalE-RDCipA or MalERDORF3p was confirmed by Western blotting experiments.
125I-labeled CelC-DSCipA failed to reveal ORF3p purified from E. coli, MalE-RDORF3p, or MalE-RDCipA. Likewise, when 125I-labeled ORF3p was used as a probe, CelC-DSCipA was not revealed (data not shown). Moreover, no labeling of ORF3p was observed when CipA, purified from C. thermocellum cellulosomes by elution from a preparative SDS-polyacrylamide gel, was labeled with 1251 and used as a probe (data not shown).
Detection of proteins interacting with the duplicated segment of CipA. A specific set of bands was revealed when 125I-labeled CelC-DSCipA was used to probe Western blots of proteins originating from various fractions of C. thernocellum cultures (Fig. 7A) . Three major species, migrating as 170-, 116-, and 60-kDa polypeptides in SDS-PAGE, were labeled. They were termed pl70, p116, and p60, respectively.
The pattern of labeling was quite different from that obtained when the same set of samples was probed with 125-labeled CelC-DSCelD. As shown in Fig. 7B These data also contradict the hypothesis that the duplicated segment of CipA interacts with receptors borne by CipA molecules, thus integrating them into a multimeric structure, as was proposed by Gerngross et al. (8) .
The affinity of CelC-DSCelD for MalE-RDCipA was 6. (16a) , in which the location of ORF3p on the cell surface was studied by biochemical methods and by electron microscopy.
